microRNAs (miRNAs) are small noncoding RNAs that mediate RNA interference to suppress protein expression at the translational level. Accumulated evidence indicates that miRNAs play critical roles in various biological processes and disease development, including autoimmune diseases. Invariant natural killer T (iNKT) cells are an unusual CD1d-restricted subset of thymus-derived T cells that are potent regulators of diverse immune responses. Our previous studies with the mouse model of bone marrow-specific Dicer deletion suggest the involvement of Dicer-dependent miRNAs in the development and function of iNKT cells. In the present study, to further dissect the functional levels of Dicer-dependent miRNAs in regulating iNKT cell development, we generated a mouse model with the Dicer deletion in the thymus. Our data indicate that lack of miRNAs following the deletion of Dicer in the thymus severely interrupted the development and maturation of iNKT cells in the thymus and significantly decreased the number of iNKT cells in the peripheral immune organs. miRNA-deficient peripheral iNKT cells display profound defects in activation and cytokine production upon a-galactosylceramide (a-GalCer) stimulation. Our results demonstrate a critical role of the miRNA-dependent pathway in the thymus in the regulation of iNKT cell development and function.
INTRODUCTION

Natural killer T (NKT) cells comprise a unique subset of T cells that coexpress a rearranged T-cell receptor (TCR) and natural killer (NK)
cell-related surface markers, including NK1.1. [1] [2] [3] [4] [5] The majority of these cells are restricted to a non-classical major histocompatibility complex I-related molecule, CD1d, and preferentially use an invariant TCR Va14-Ja18 (mouse) or Va24-Ja18 (human). These invariant NKT (iNKT) cells are almost uniformly reactive to the glycolipid ligand agalactosylceramide (a-GalCer) presented by CD1d and can be identified using a-GalCer-loaded CD1d tetramers. Upon activation, iNKT cells rapidly produce large amounts of cytokines, including interferon (IFN)-c and IL-4, and play critical roles in the various immune responses, including the onset of cancer, infection and autoimmune diseases. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It is believed that commitment to the iNKT cell lineage in the thymus involves a variety of signal transducers, transcription factors and cytokines. A number of gene deficiencies that disrupt iNKT cell development but leave conventional T cells unaffected provide evidence that iNKT cell differentiation is divergent from that in conventional T cells. 3, 7, 8, [10] [11] [12] However, the detailed mechanisms and pathways for iNKT cell development are still unclear.
MicroRNAs (miRNAs) are a class of 21-25 nt single-stranded noncoding small RNAs that are recognized as important regulators of gene expression through the inhibition of effective mRNA translation in animals. [13] [14] [15] Dicer, a ribonuclease III enzyme, is required for the processing of mature and functional miRNAs. Thus, the deletion of Dicer provides a genetic test for the relevance of miRNAs in mammalian development. Emerging evidence suggests that miRNAmediated gene regulation represents a fundamental layer of genetic programs at the post-transcriptional level and has diverse functional roles in animals, including development, differentiation and homeostasis. [16] [17] [18] [19] [20] [21] Recent studies using a Cre-loxP tissue-specific Dicer deletion mouse model indicate that deletion of Dicer in the thymus results in impaired T-cell development, aberrant T helper (Th) cell differentiation and cytokine production, and increased thymocyte susceptibility to cell death. 16 Dicer-deficient Th cells preferentially expressed IFN-c, the hallmark effector cytokine of the Th1 lineage. 17 With a similar mouse model, Cobb and colleagues found that depleting miRNAs by eliminating Dicer in thymus reduces CD4CD25Foxp3 T regulatory (Treg) cell numbers in the thymus, spleen and lymph nodes, which results in immune pathology in aged Dicer-deleted mice. 22 More recently, using the Foxp3 Treg lineage-specific Dicer deletion mouse model, two independent studies found that Dicerdeficient Treg cells lost suppression activity in vivo and the mice rapidly developed fatal systemic autoimmune disease resembling the FoxP3 knockout (KO) phenotype. 23, 24 These results support a central role for miRNAs in the Treg cell development, homeostasis and functional stability. iNKT cells are another major class of T cells with immune regulatory functions. Previous studies from our laboratory indicated that a Dicer deletion in bone marrow, mediated by Tie2-Cre, interrupted the development and functions of iNKT cells, and miRNAs expressed in endothelial cells are potent regulators of iNKT cell homeostasis. 25 To more specifically clarify the role of miRNAs in both iNKT cell development differentiation and function, we generated a similar mouse model with Dicer deleted in the thymus, where iNKT cells develop. Here, we report that the deletion of Dicer in the thymus interrupts the development and maturation of iNKT cells, and that miRNA-deficient peripheral iNKT cells display profound defects in cytokine production and activation. Supporting our previous findings, our current results further confirmed the critical role of thymus miRNA-dependent pathways in the regulation of iNKT cell development and function. 
MATERIALS AND METHODS
Mice
Genotyping
Offspring were genotyped using the following PCR primer pairs: for Cre, 59-TGATGAGGTTCGCAAGAACC-39 and 59-CCATGAGTGA-ACGAACCTGG-39 (product size: 320 bp); and for Dicer, 59-CCT-GACAGTGACGGTCCAAAG-39 (DicerF1) and 59-CATGACTCTT-CAACTCAAACT-39 (product sizes: 420 bp, from the Dicer flox allele and 351 bp from the wild-type (WT) Dicer allele). The deletion allele was genotyped using primers DicerF1 and DicerDel (59-CCTGAGCA-AGGCAAGTCATTC-39). The deletion allele produced a 471-bp PCR product whereas the WT allele resulted in a 1300-bp product.
Flow cytometry and antibodies
Anti-B220 (RA3-6B2), anti-CD44 (IM7), anti-NK1.1 (PK136), antiCD1d (1B1), anti-CD69 (H1.2F3), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-IFN-c (XMG1.2), anti-IL-4 (11B11) antibodies, Annexin V and 7-aminoactinomycin D (7-AAD) were purchased from BD Biosciences (San Jose, CA, USA) or eBioscience (San Diego, CA, USA). Unloaded and lipid PBS-57 (an analogue of a-GalCer)-loaded murine CD1d tetramers were provided by the National Institutes of Health Tetramer Facility (Atlanta, GA, USA). To detect 5-bromodeoxyuridine (BrdU) incorporation in lymphocytes harvested 24 h after mice received intraperitoneal injection of BrdU (1 mg/mouse), we used the BrdU Flow Kit (BD Biosciences, San Jose, CA, USA). After surface staining, cells were fixed and permeabilized and then treated with DNase to expose incorporated BrdU. Subsequently, cells were stained with anti-BrdU antibody. Data were analyzed using CELLQuestPro software (BD Biosciences).
In vitro a-GalCer-induced proliferation assay Thymocytes or splenocytes were stimulated with a-GalCer (100 ng/ml) or vehicle in T-cell complete medium. After 24 h, 0.5 mCi 3 H-thymidine was added and cells were cultured for an additional 18 h. Cells were then harvested and counted in a microbetaplate counter (PerkinElmer, Covina, CA, USA).
In vivo a-GalCer-induced activation assay For serum cytokine determination, mice were bled at 2 and 5 h after a-GalCer (2 mg/mouse) or vehicle injection (intravenous) and then euthanized. IFN-c was detected by ELISA (R&D System, Minneapolis, MN, USA). For intracellular cytokine staining, splenocytes were collected at 40 min after injection and cultured for an additional hour and stained with anti-B220, anti-CD3e and CD1d-tetramer followed by anti-IFN-c or anti-IL-4 antibodies, and analyzed by SLRII fluorescence-activated cell sorter (BD Biosciences, San Jose, CA, USA).
Statistical analysis
Data were statistically analyzed with two-tailed Student's t-test. P,0.05 is significant.
RESULTS AND DISCUSSION
Reduced numbers of iNKT cells in the absence of Dicer in the thymus
To understand the cell-autonomous role of miRNAs in iNKT cell biology, we generated a thymus-specific Dicer mutant mouse by crossing loxp-flanked Dicer gene mutation Dicer fl/fl mice 26 with CD4-Cre transgenic mice. Mice that are homozygous for Dicer fl/fl with CD4-Cre expression are conditional Dicer deletion mice and were designated as Dicer fl/fl CD4cre 1 (Dicer KO), while the WT littermates were designated as Dicer fl/fl CD4cre 2 (WT). Consistent with previous reports, the total number of thymocytes and the percentage of thymic CD4/ CD8 lineage subsets in the Dicer fl/fl CD4cre 1 mice were normal compared with littermate controls, but CD4 1 CD25 1 FoxP3 1 Treg cells in KO mice were significantly reduced in both thymus and spleen (data not shown). 18, 22, 26 In addition, flow cytometric analyses of lymphocytes in spleen and lymph nodes showed a marked reduction of the percentage of CD8
1 T cells and a smaller reduction in CD4 1 T cells, which are also in agreement with previous reports from the similar mouse model (data not shown). 18, 26 To determine whether Dicer deletion in the thymus plays a role in iNKT cell development, we first assessed the frequency and number of iNKT cells in different immune organs. In contrast to the conventional T cells, the frequencies and absolute numbers of iNKT cells were markedly reduced in thymus as well as in spleen and liver in Dicer fl/fl CD4cre 1 mice compared to their WT littermate controls (Figure 1a and b) . We then tested the proliferation of thymic and splenic iNKT cells after in vitro a-GalCer stimulation. Consistent with the reduced iNKT cell numbers, the proliferation of iNKT cells was also significantly decreased in Dicer fl/fl CD4cre 1 mice (Figure 1c ). The reduction of iNKT cells in Dicer fl/fl CD4cre 1 mice was not proportional to that of conventional T cells, further indicating that iNKT cell development is controlled by unique signaling transduction programs, which is dependent on Dicer-related miRNAs. Similarly, the reduced percentages and absolute numbers of iNKT cells in thymus, spleen and liver were also observed in Lck-Cre-mediated Dicer deletion mice, where the Cremediated Dicer deletion begins in an earlier T-cell development stage (double-negative 2 stage onward) (Figure 1d ). Thus, deletion of miRNAs in the thymus drastically reduced the iNKT cell number in both thymus and peripheral lymph organs.
The reduction in number of thymic iNKT cells could originate from either an impaired proliferation of immature iNKT cells or increased cell death, or both. Previous studies using the similar mouse model indicated that peripheral conventional T cells in Dicer-deleted mice showed increased cell death and reduced proliferation with stimulation, which might be related to the reduced peripheral T-cell number in Dicer-deleted mice. 17 To further address the iNKT cell number reduction mechanisms in Dicer fl/fl CD4cre 1 mice, we performed a BrdU incorporation assay to evaluate the rate of in vivo iNKT cell proliferation. Surprisingly, as shown in Figure 2a , thymus iNKT cells from Dicer fl/fl CD4cre 1 mice incorporated BrdU at a comparable rate compared to WT control mice. Thus, the disparity between the comparable proliferation observed and the overall dramatically decreased numbers of iNKT cells in both thymic and peripheral compartments suggested that increased cell death might also be occurring in iNKT cells. Staining of fresh thymocytes using the apoptotic marker Annexin V in conjunction with the dye 7-AAD revealed significantly higher levels of apoptotic (Annexin V 1 and 7-AAD (Figure 2b ). This finding is consistent with a more recent study using a thymusspecific Dicer deletion model. 27 Given that mice lacking CD1d expression are deficient in iNKT cells, and CD1d expression in doublepositive thymocytes is required for positive selection of iNKT cells CD4cre 1 mice. The defective iNKT cell developmental phenotype in the thymic Dicer deletion mouse model shows many similarities to results from our previous studies using the bone marrow Dicer deletion mouse model, which are suggestive of a cell-intrinsic defect in iNKT cells, 25 but it still does not completely exclude the possible role of subtle defects in the thymic microenvironment in Dicer fl/fl CD4cre 1 mice. With the generation of mixed bone marrow chimeras, a more recent study using a similar thymus Dicer deletion mouse model has revealed that the iNKT cell developmental defect caused by the thymus Dicer deletion is cell-intrinsic. 27 Collectively, these results identified severe impairments at multiple iNKT cell development and maturation check points in Dicer fl/fl
CD4cre
1 mice compared to WT controls, further indicating that miRNAs are critical for iNKT cell development and maturation.
Impaired iNKT cell function in the absence of Dicer in the thymus Previous studies using a thymus-specific Dicer-deletion mouse model suggested that, although Dicer is not critically required for the differentiation of the Th1 and Th2 lineages, Dicer-deficient Th cells preferentially expressed IFN-c, the hallmark effector cytokine of the Th1 lineage. 17 In addition, Dicer-deficient CD4 1 FoxP3 1 Treg cells produce higher levels of IL-4, IFN-c and IL-10, but lost suppression activity in vivo.
24 Activated iNKT cells rapidly produce cytokines, including IL-4 and IFN-c, and, in turn, activate many other cell types, including T and B cells. As shown in Figure 4a and b, after a-Gal-Cer in vivo stimulation, IFN-c production in WT mice was significantly increased and the expression of activation marker CD69 in CD8 1 T and B cells was significantly upregulated. However, a-GalCer only induced a modest and constantly lower level of CD69 expression in both CD8
1 T and B cells, as well as dramatically lower serum IFN-c levels in Dicer fl/fl CD4cre 1 mice compared to WT controls (Figure 4a  and b) . The lack of cytokine response to a-GalCer in Dicer fl/fl CD4cre 1 mice could be explained by either the markedly reduced numbers of iNKT cells or the intrinsic defect of their activation and cytokine production. To test the latter possibility, we again injected mice intravenously with a-GalCer and examined the production of cytokines by iNKT cells with intracellular cytokine staining. As shown in Figure 4c , the number of splenic iNKT cells that express intracellular IL-4 or IFNc increased dramatically (32.34 and 61.25%, respectively) after in vivo a-GalCer stimulation (1.5 h); however, splenic iNKT cells from Dicer fl/fl CD4cre 1 mice had almost no response to a-GalCer stimulation. The defective cytokine production response to a-GalCer stimulation in Dicer-deficient mice could result from either a defect in cytokine synthesis or TCR signaling, thereby affecting the activation of iNKT cells. We therefore further investigated whether Dicer-deficient iNKT cells are activated normally upon a-GalCer stimulation. As shown in Figure 4c CD4cre 1 mice at all, which strongly argues that miRNA deficiency in the thymus leads to a serious defect in TCR signaling. To further localize the block in the TCR-mediated signal transduction targeted by miRNAs, we stimulated splenocytes from both WT and Dicer fl/fl CD4cre 1 mice with phorbol myristate acetate and ionomycin, which bypass proximal TCRmediated signaling events and activate cells most likely at a stage proximal to protein kinase C and calcium flux. 30 Three hours after stimulation with phorbol myristate acetate and ionomycin, over 50 and 80% of iNKT cells from WT mice stained positive for IL-4 and IFN-c, respectively, compared to only 11 and 9% iNKT cells from Dicer fl/fl CD4cre 1 mice. Collectively, miRNAs seem to be critical in multiple signaling events in the related signaling pathways for iNKT cell activation and cytokine production, which is consistent with our Loss of miRNAs in thymus perturbs iNKT cell development and function K-H Seo et al 450 previous findings from the bone marrow Dicer-deleted mouse model. 25 Our current findings further suggest that the thymus is the major site for miRNAs to regulate iNKT cell development, maturation and function.
Our data demonstrate that thymic miRNAs play an important role in iNKT cell development and maturation by regulating multiple check points, but not in mainstream T cells in the thymus. Multiple signaling events for iNKT cell activation and cytokine production are targeted by miRNAs. This finding opens up an avenue for future identification and mechanistic analyses of specific miRNAs differentially required for the proper development, function and homeostasis of iNKT cells, and points to targeted manipulation of the miRNAs and related pathways as a potential way of affecting iNKT cell function in experimental and clinical settings. 
